Ajl and Werkman (1948) 
Oxalacetate was determined according to the method of Edson (1935) . ca-Ketoglutarate was determined by the ceric sulfate method. The products of this reaction are succinate and carbon dioxide. Cohen's (1939) method was used for glutamic acid, and a modified method of Johnson (1941) was used for ammonia. The sample containing the formed ammonia was transferred from the Warburg vessel into a test tube and to it was added an equal amount of trichloroacetic acid. The cells were centrifuged and filtered. To the filtrate 3 ml of 2 N NaOH, 1 ml of freshly filtered gum arabic, and 0.5 ml of Nessler's reagent were added. The colored solution was mixed and read on the photoelectric colorimeter using a 420 mu filter. The range was 10 to 100 micrograms nitrogen; precision, 4 1.5 micrograms.
EXPERIMENTAL RESULTS Citric acd. Since Werkman (1939, 1940) found that arsenite, monoiodoacetate, and bisulfite completely, and fluoride partially, inhibited the breakdown of citric acid by Aerobacter indologenes, they concluded that the initial breakdown products were oxalacetate and acetate under both aerobic and anaerobic conditions. To determine the mechanism by which citrate replaces carbon dioxide, various concentrations of the foregoing inhibitors were added to cultures of A. aerogenes containing citric acid as the substituent for CO2. In growth experiments only bisulfite and monoiodoacetate completely inhibited the development of the organism, whereas the growth was normal in the presence of fluoride and nearly normal upon the addition of As203 (table 1) oxidative decarboxylation) prompted further work to determine more specifically the keto compound that determines the ability of citrate to replace carbon dioxide. From resting cell and particularly from cell multiplication experiments it appears that oxalacetate may not be the initial compound formed in the dissimilation of citric acid, at least under aerobic conditions. When sodium bisulfite is added to Warburg cups containing sodium citrate and cells, no gas exchange above that of the endogenous is observed for the first few hours (figure 1), but soon afterward an oxygen uptake is noted and at the end of the experiment the R.Q. obtained varies from 1.2 to 1.9. At times a significant gas exchange was observed within the first half-hour of the experiment. The theoretical 1949] explanations cannot be raised since the spontaneous decarboxylation of oxalacetate is the same in the presence and absence of bisulfite (indicating no fixation of the keto compound) and pyruvic acid is fixed in the presence of the keto fixative. These results do not conflict with those of Brewer and Werkman (1939) , since they reported the bisulfite inhibition of citrate breakdown under anaerobic conditions only and made no mention as to the effect of this fixative aerobically.
Other carbonyl reagents were employed. The results in table 2 clearly show that semicarbazide* HCl is the best of the keto fixatives tested, for in its presence a-ketoglutarate is scarcely attacked. When this compound is added to citrate will be evolved since the change from citrate to oxalsuccinate involves only a dehydrogenation, which should be observed in terms of an oxygen uptake. It is possible that as soon as the compound is fixed it is attacked and consequently not detectable.
The manometric results were similar to those obtained with bisulfite added to the culture medium containing citric acid or the various keto acids as substituents for C02 (table 3) . This keto fixative completely inhibits the ability of 1949] 58"o3 citrate to replace carbon dioxide. In the presence of NaHSO3, a-ketoglutarate is not effective, whereas with oxalacetate, growth takes place in the presence of bisulfite. These results show that citrate replaces C02 by first being converted to a keto compound, probably a-ketoglutaric acid, and that oxalacetate is not the initial product, at least in the process of replacing carbon dioxide. If oxalacetate were the intermediate, then citrate should replace C02 in the presence of bisulfite, since the latter compound has no effect on the labile C4 dicarboxylic acid. The keto compound formed from citrate, probably by amination or transamination, replaces carbon dioxide.
The partial inhibition of the oxidation of citric acid by fluoride suggests that phosphate esters may play a role in its breakdown. In growth experiments, however, fluoride is not effective (table 1), and this indicates that no such esters (1) L-glutamic acid + oxalacetic acid -4 a-ketoglutaric acid + L-aspartic acid. Diczfalusy's (1942) To this were added the various compounds listed plus 1 ml of a 24-hour culture of A.
aerogenes. It was aerated with CO2-free water for 18 hours at 30 C; growth was expressed in terms of turbidimetric readings on the photoelectric colorimeter using 660 mju filter. sulfate-will not support growth (table 4) . It may be concluded that the basic mechanism responsible for protein synthesis or growth in the absence of C02 is a transamination reaction between a-ketoglutarate and alanine or an amination reaction of this a-keto acid to yield glutamic acid, which in turn has a very significant function in replacing CO2. However, the ammonia given off by glycine, ,B-alanine, or serine apparently cannot be utilized for the direct amination of a-ketoglutaric acid. Ammonium The method employed is based upon the fact that less residual a-ketoglutarate is left after a given incubation period in the presence of cells, ammonium sulfate, or a potential transaminating amino acid than without these additions. Arsenious oxide is also added with a twofold purpose: (1) to prevent the oxidative the addition of carbon dioxide or oxalacetate, an observation that may be used to support a role of the Szent-Gyorgyi cycle in bacterial respiration, at least in the direction of oxidation. If the cycle operates, the inhibition of any one of the hydrogen carriers should prevent respiration of the cells. This was found to be the case. When cyclohexanol disturbs the fumarte-malate equilibrium, growth takes place on the addition of oxalacetate. Similarly, the C4 labile dicarboxylic acid can reverse the inhibition obtained with iodoacetate on malate.
The results with succinate are indirect since no inhibitor has yet been found that is effective against succinate dehydrogenase of intact cells.
A8partic and glutamic acid.. Both of these amino acids replace carbon dioxide by acting as precursors of some of the constituents of the Krebs cycle. A difference, however, exists. Whereas aspartic acid functions merely as a source of fumarate, the function of glutamic acid is to supply a-ketoglutaric acid as well as to serve as an amino acid, which would otherwise have to be synthesized before growth could take place. For example, cyclohexanol in addition to affecting the fumarate-malate equilibrium also prevents the deamination of aspartic The following additions were made in the manometer cup: 30 mg lyophilized A. aerogenes, 0.5 ml of 0.05 M DL-aspartic acid (or 0.5 ml of 0.025 M D-glutamic acid or 0.5 ml of 0.025 X glucose), 1 ml of a 1:50 dilution of cyclohexanol, 0.5 ml of 0.4 m phosphate buffer of pH 7.0. Alkali or acid in the respective cups. pounds replacing CO2 must arise from one or two fixation reactions involving a C3 and Ci addition or a C4 and Ci addition in which the Ci compound is carbon dioxide. The C4 or the C5 compounds thus formed are essential for the growth of heterotrophic bacteria. In the absence of the gas, the C4 or C5 compound must be supplied to the cells before growth occurs. The essential C4 and C5 compounds appear to be oxalacetic and a-ketoglutaric acids, respectively.
It is tempting to assume that citric acid replaces CO2 by yielding a-ketoglutarate. No direct evidence has yet been obtained. However, from our data it cannot be concluded that the initial breakdown products of citrate are oxalacetate and acetate, although the oxalacetic acid thus formed could replace CO2. If the C4 labile dicarboxylic acid was one of the initial breakdown products during the oxidation of citrate, then several conditions should be met. First, bisulfite should not inhibit the replacement of C02 by citric acid since oxalacetate continues to function as a carbon dioxide substituent even in the presence of this keto fixative. The criticism may be offered that if growth is prevented because of the inhibition of any one compound that replaces CC2, the same inhibition should result when a given inhibitoris added to a culturethatis aerated with normal air. For example, if bisulfite binds a-ketoglutarate and consequently prevents the latter from replacing C02, should not bisulfite also inhibit the growth of the organisms in the presence of carbon dioxide? Several explanations may be offered. First, in normal metabolism, e.g., in the presence of C02, more of the keto acid may form than the amount of NaHSO3 present in the medium, and consequently growth will not be inhibited. This is substantiated since large concentrations of the keto fixative will inhibit the development of the bacteria both in the presence and absence of carbon dioxide. Secondly, in the absence of C02 we deal with a "controlled metabolism," e.g., growth will or will not occur depending upon the presence or absence of one compound, and the inhibition of the action of that compound results in an inhibition of growth. In the presence of C02, alternate mechanisms may operate, and, when a-ketoglutarate, for example, is blocked, the organism may use a different compound whose function is independent of keto fixatives in the medium.
Evidence that those compounds do not function simply as sources of C00 has been given in a previous publication (Ajl and Werkman, 1948) .
SUMMARY
All compounds replacing C02 function by yielding keto acids, which in turn by amintion, transmination, or similar reactions serve as substituents for carbon dioxide.
